Proline-rich tyrosine kinase 2 (PYK2), also known as cell adhesion kinase ␤ or protein tyrosine kinase 2b, is a calcium-dependent signaling protein involved in cell migration. Phosphorylation of residue Y402 is associated with activation of PYK2 and leads to the recruitment of downstream signaling molecules. PYK2 was previously implicated in long-term potentiation (LTP); however, the role of PYK2 in long-term depression (LTD) is unknown. Here, we report that PYK2 is activated by NMDA receptor stimulation (chemical LTD) in cultured neurons. Small hairpin RNA-mediated knockdown of PYK2 blocks LTD, but not LTP, in hippocampal slice cultures. We find that the Y402 residue and, to a lesser extent, PYK2 kinase activity contribute to PYK2's role in LTD. Knockdown experiments indicate that PYK2 is required to suppress NMDA-induced extracellular signal-regulated kinase (ERK) phosphorylation. Overexpression of PYK2 depresses NMDA-induced ERK phosphorylation and inhibits LTP, but not LTD. Our data indicate that PYK2 is critical for the induction of LTD, possibly in part by antagonizing ERK signaling in hippocampal neurons.
Introduction
Activity-dependent modification of synapses is widely considered to be a mechanism for learning and memory. In the commonly studied forms of hippocampal synaptic plasticity, NMDA receptor (NMDAR)-dependent long-term potentiation (LTP) and long-term depression (LTD), different levels and/or kinetics of NMDAR-mediated calcium influx are believed to activate distinct signaling pathways. Calcium elevation during LTP promotes activity of calcium/calmodulin-dependent kinase II and AMPA receptor (AMPAR) insertion into the postsynaptic membrane (Malenka et al., 1989; Malinow et al., 1989; Silva et al., 1992) , whereas calcium influx during LTD promotes AMPAR endocytosis depending on the activity of serine/threonine phosphatases such as calcineurin (Mulkey et al., 1993 (Mulkey et al., , 1994 Morishita et al., 2001) . Src family kinases can contribute to LTP through the phosphorylation and functional enhancement of NMDARs (Grant et al., 1992; Lu et al., 1998) . Differential activation of Ras family GTPases and downstream mitogen-activated protein kinase (MAPK) pathways may determine the direction of activitydependent synaptic modification during LTP or LTD (Zhu et al., 2002 Kim et al., 2005) . Sustained activation of the MAPK extracellular signal-regulated kinase (ERK), for example, is believed to promote LTP (English and Sweatt, 1997; Zhu et al., 2002) . These signaling mechanisms help explain how NMDAR activation can lead to distinct functional outcomes in neurons.
Proline-rich tyrosine kinase 2 (PYK2) is a calcium-dependent tyrosine kinase found in the postsynaptic density (PSD) of central neurons (Huang et al., 2001; Collins et al., 2006 ; for review, see Sheng and Hoogenraad, 2007) . In non-neuronal cells, PYK2 is involved in osteoclast function (Gil-Henn et al., 2007) , macrophage migration (Okigaki et al., 2003) , and focal adhesion disassembly (Hashido et al., 2006) . Although the precise mechanism of PYK2 activation remains unclear, it is believed that a rise in intracellular calcium can directly or indirectly induce dimerization of PYK2 and trans-autophosphorylation at Y402, a residue located N-terminal to the kinase domain (Lev et al., 1995; Park et al., 2004; Kohno et al., 2008; Bartos et al., 2010) . In hematopoietic cells, the phosphorylated Y402 and surrounding residues mediate association with and activation of Src family kinases, which in turn phosphorylate additional tyrosine residues in the PYK2 kinase domain to enhance PYK2 kinase activity (Park et al., 2004) . Thus Y402 phosphorylation is commonly used as a marker of activated PYK2. Tyrosine phosphorylation of PYK2 also leads to changes in MAPK activity, although the direction of change and the subtype of MAPK affected vary across different cell types (Girault et al., 1999; Zhao et al., 2000) .
Using recombinant PYK2 proteins, Huang et al. (2001) found that PYK2 is involved in LTP and the Src-dependent pathway of NMDAR potentiation. The role of PYK2 in synaptic plasticity, however, has not been examined by a molecular genetic approach. Interestingly, PYK2 is reported to bind PSD-95 (Seabold et al., 2003) , an abundant scaffold protein of the PSD that promotes synaptic strength and is required for LTD (Migaud et al., 1998; Stein et al., 2003; Ehrlich and Malinow, 2004; Kim et al., 2007; Xu et al., 2008) . Because PYK2 is calcium regulated, associates with PSD-95, and functions in reorganizing specialized adhesion sites, we hypothesized that PYK2 may play a role in LTD at neuronal synapses. We report here that PYK2 phosphorylation at Y402 is enhanced by stimulation of NMDARs that mimics LTD [chemical LTD (chem-LTD) ] and that PYK2 is required for LTD. PYK2 dampens NMDAR-dependent activation of ERK MAPKs, a function consistent with PYK2's critical role in LTD.
Materials and Methods
Antibodies and chemicals. The following antibodies were used in this study (purchased from Cell Signaling Technology, unless indicated otherwise): rabbit anti-GluA1 (Millipore), rabbit anti-phospho S845 GluA1 (Millipore Bioscience Research Reagents), rabbit anti-phospho Y402 PYK2 (Invitrogen), mouse anti-PYK2 (BD Biosciences), rabbit antiphospho Y416 Src, rabbit anti-Src, mouse anti-phospho T202/Y204 ERK, rabbit anti-ERK, rabbit anti-phospho S9 glycogen synthase kinase 3␤ (GSK3␤), rabbit anti-GSK3␤, rabbit anti-phospho T308 Akt, rabbit anti-Akt, rabbit anti-phospho T183/Y185 c-Jun N-terminal protein kinase (JNK), rabbit anti-JNK, mouse anti-tubulin (Sigma), anti-NR2A (Covance), anti-NR2B (NeuroMab), anti-PSD-95 (NeuroMab), and mouse anti-myc (Santa Cruz Biotechnology). The following chemicals were used (purchased from Sigma unless indicated otherwise): NMDA, tetrodotoxin (TTX) (Tocris), 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) (Tocris), nimodipine, picrotoxin, chlor-adenosine, FK506 (Tocris), and cyclosporine A (Calbiochem).
DNA constructs and lentivirus shRNA. Wild-type (WT)-PYK2 construct (myc tagged in pCMV vector) was a gift from Dr. Wen-Cheng Xiong (Medical College of Georgia, Augusta, GA) (Xiong and Parsons, 1997) . For PYK2 shRNA, the following oligonucleotides were annealed and inserted into the HindIII/BglII sites of pSuper vector (Brummelkamp et al., 2002) : 5Ј-GAT CCC CGC TGT AGC ATA GAG TCA  GAT TCA AGA GAT CTG ACT CTA TGC TAC AGC TTT TTA-3Ј;  5Ј-AGC TTA AAA AGC TGT AGC ATA GAG TCA GAT CTC TTG AAT  CTG ACT CTA TGC TAC AGC GGG-3Ј . The final target sequence of PYK2 shRNA was 5Ј-GCT GTA GCA TAG AGT CAG A-3Ј. Luciferase shRNA (in pSuper vector) was a gift from Dr. Huaye Zhang (University of Virginia, Charlottesville, VA) (Zhang and Macara, 2006) . The target sequence of luciferase shRNA was 5Ј-CGT ACG CGG AAT ACT TCG A-3Ј.
Lentiviral transfer vector constructs were modified from the original FUGW vector backbone (Lois et al., 2002) . H1 promoter cassettes from pSuper constructs (PYK2 shRNA and luciferase shRNA) were cloned between the HIV-flap and synapsin promoter. For the production of lentiviral vectors, the transfer vector, packaging vector ⌬8.2, and vesicular stomatitis virus glycoprotein envelope vector were cotransfected into human embryonic kidney 293 (HEK293) cells. Supernatants of culture media were collected 48 h after transfection and centrifuged at 50,000 ϫ g to concentrate the lentivirus. PYK2 mutants were constructed by site-directed mutagenesis (Stratagene QuikChange kit). The following primers were used: for Y402F-PYK2, 5Ј-GCA TAG AGT CAG ACA TCT TTG CAG AGA TTC CTG ATG AG-3Ј; and for K457A-PYK2, 5Ј-GAA AAA ATT AAT GTG GCC GTC GCG ACC TGT AAG AAA GAT TGT ACC-3Ј. For WT-PYK2* or K457A-PYK2*, two sequential reactions were performed to introduce nine point mutations spread throughout the target region (final shRNAresistant target region: 5Ј-GCT GCT CTA TTG AAA GCG A-3Ј). Primer set 1 was 5Ј-CGG TCC CAC CTC TCA GAA AGC TGC TCT ATA GAG  TCA GAC ATC TAT GCA GAG-3Ј, and primer set 2 was 5Ј-CCC ACC  TCT CAG AAA GCT GCT CTA TTG AAA GCG ACA TCT ATG CAG  AGA TTC C-3Ј .
Cell culture and chem-LTD. HEK293 cells were maintained in DMEM (Invitrogen), supplemented with 10% FBS (Invitrogen) and penicillin/ streptomycin (Invitrogen), and transiently transfected with plasmids using Lipofectamine 2000 (Invitrogen). Cells were harvested after 24 -48 h. Hippocampal neurons were cultured as described previously (Kim et al., 2007) and infected with lentivirus in the media at day in vitro (DIV) 15 for 7 d in vitro. Mature cultured neurons (DIV 21-26) in 12-well plates were treated for 10 min with 20 M NBQX, 2 M TTX, and 5 M nimodipine before treatment with 70 M NMDA for 2.5, 5, or 15 min (or left untreated). Plates were then placed on ice, and each well was washed with ice-cold PBS before lysing in 2ϫ sample buffer (containing ␤-mercaptoethanol). For experiments with calcineurin inhibitors, FK506 (1 M) or cyclosporine A (1 M) was added to neurons for 10 min to 1 h before NMDA treatment.
Hippocampal slice culture. Organotypic slice cultures were prepared from postnatal day 7 rat hippocampus as described previously (Sala et al., 2003; Seeburg and Sheng, 2008) . Rat brains were dissected in ice-cold buffer containing the following (in mM): sucrose (238), KCl (2.5), NaHCO 3 (26), NaH 2 PO 4 (1), glucose (11), MgCl 2 (5), and CaCl 2 (1). Hippocampi were cut into 350-m-thick slices with a McIlwain tissue chopper and plated on tissue inserts (Millipore) in wells with minimum essential medium (Cellgro) containing the following (in mM): glucose (26), NaHCO 3 (5.8), HEPES (30), CaCl 2 (2), and MgSO 4 (2), supplemented with horse serum (20%), insulin (1 g/l), and ascorbic acid (0.0012%). Slices were incubated in 5% CO 2 at 35°C.
Electrophysiology. Electrophysiological recordings were performed as described previously (Kim et al., 2007; Seeburg and Sheng, 2008) . Neurons were transfected by biolistic gene gun at DIV 3-5 [total 100 g of DNA; 90% test DNA construct; 10% enhanced green fluorescent protein (eGFP) marker] and recorded 3 d after transfection. Recordings were performed in solution containing the following (in mM): NaCl (119), KCl (2.5), CaCl 2 (4), MgCl 2 (4), NaHCO 3 (26), NaH 2 PO 4 (1), glucose (11), picrotoxin (0.1), and 2-chloroadenosine (0.002-0.004), and bubbled continuously with 5% CO 2 /95% O 2 . Patch recording pipettes (2.5-5 M⍀) were filled with internal solution containing the following (in mM): cesium methanesulfonate (115), CsCl (20), HEPES (10), MgCl 2 (2.5), ATP disodium salt (4), GTP trisodium salt (0.4), sodium phosphocreatine (10), and EGTA (0.6), at pH 7.25. Simultaneous whole-cell recordings were obtained from a pair of transfected and neighboring untransfected CA1 pyramidal neurons during stimulation of presynaptic Schaffer collaterals. For basal synaptic transmission experiments, presynaptic fibers were stimulated at 0.2 Hz. AMPAR EPSCs were recorded at Ϫ70 mV, and NMDAR EPSCs were recorded at ϩ40 mV in the presence of 0.01 mM NBQX. Each data point represents an average of 60 consecutive synaptic responses. For LTD experiments, presynaptic fibers were stimulated at 0.033 Hz during baseline recordings, and synaptic responses were obtained at Ϫ70 mV. After at least 10 min of baseline recording, LTD was induced by pairing 1 Hz stimulation (200 pulses) with depolarization of the postsynaptic cell to Ϫ40 mV. Synaptic responses were then obtained under baseline conditions. For LTP experiments, presynaptic fibers were stimulated at 0.2 Hz during baseline recordings, and synaptic responses were obtained at Ϫ70 mV. After at least 3 min of baseline recording, LTP was induced by pairing 3 Hz stimulation (200 pulses) with postsynaptic depolarization to 0 mV. Synaptic responses were then obtained under baseline conditions. For plasticity experiments, data were collected only if the untransfected cell in a paired recording displayed LTD or LTP.
All recordings were made with a Multiclamp 700A amplifier (Molecular Devices), and data were digitized at 20 kHz with Digidata 1322A (Molecular Devices). Analysis of recordings was performed with Clampfit software (Molecular Devices) for basal transmission experiments or Igor Pro software (Wavemetrics) for plasticity experiments. Results are expressed as mean Ϯ SEM, and statistical significance was assessed by paired Student's t test on mean EPSC amplitude for basal transmission experiments or mean normalized EPSC (averaged over the last 10 min of postinduction recordings) for plasticity experiments.
Immunostaining. Hippocampal cultured neurons were transiently transfected at DIV 16 -19 with a mix of test DNA construct (80%) and marker (20%; eGFP or ␤-galactosidase) using Lipofectamine 2000 (Invitrogen). The control construct used was an empty myc-tag vector. For dendritic spine morphology studies, neurons were fixed 3 d later in 4% paraformaldehyde (PFA)/4% sucrose/PBS, immunostained for eGFP [rabbit anti-GFP from MBL, goat anti-rabbit IgG Alexa 488 conjugate secondary antibody from Invitrogen, all in GDB buffer (30 mM phosphate buffer, pH 7.4, 0.1% gelatin, 0.3% Triton X-100, 0.45 M NaCl)], and imaged by confocal microscopy on an LSM510 microscope (Zeiss) as described previously (Tada et al., 2007) . Analysis of neuron morphology was performed with MetaMorph software (Molecular Devices). For phospho-ERK studies, neurons were pretreated 3 d after transfection with 1 M TTX (1 h), 20 M NBQX (10 min), and 5 M nimodipine (10 min), followed by exposure to 70 M NMDA for 2.5 or 5 min. Neurons were immediately fixed in 4% PFA/4% sucrose/TBS (made immediately before fixation), and immunostained for phospho-ERK (rabbit antiphospho ERK from Cell Signaling Technologies, goat anti-rabbit IgG Alexa 488 conjugate secondary antibody from Invitrogen), and ␤-galactosidase (mouse anti-␤-galactosidase from Promega, goat antimouse IgG Alexa 568 conjugate secondary antibody from Invitrogen). The confocal microscope settings were kept the same for all scans within the experiment, and average fluorescence intensity measurements were obtained from cell somas with MetaMorph software. Results were all normalized to the untreated empty vector control and expressed as mean Ϯ SEM. Analysis was by unpaired Student's t test, between experimental and control neurons for each time point.
Western blot. Protein samples were separated on 6% (for PYK2 or GluA1 blotting) or 10% (all others) SDS-PAGE gels in running buffer (25 mM Tris, 200 mM glycine, 0.1% SDS). Gels were transferred to polyvinylidene difluoride membranes (Bio-Rad) in running buffer without SDS. Membranes were blocked with 5% skim milk powder in TBS, pH 7.6, with 0.1% Tween 20 and probed overnight at 4°C with primary antibodies in TBS-Tween 20 with 5% BSA and 0.01% sodium azide. Membranes were then washed in TBS with 0.2% Triton X-100 and probed with sheep anti-mouse or donkey anti-rabbit HRP-linked secondary antibodies (GE Healthcare) in 5% milk TBS-Tween 20. After a second set of washes in TBS-Triton X-100, membranes were exposed to ECL chemiluminescence reagent (PerkinElmer Life Sciences) and developed on an X-OMAT processor (Kodak). For phospho-antibody blots, membranes were subsequently washed in stripping buffer (Thermo Scientific), reblocked, and then reprobed with antibody against total protein. Quantification was performed using Scion Image software, and results are expressed as mean normalized ratio (ratio of phospho-signal to total protein, normalized to an untreated control) Ϯ SEM.
For Triton X-100 solubility experiments, cultured neurons in six-well plates (DIV 22) were pretreated for 10 min with 20 M NBQX, 2 M TTX, and 5 M nimodipine before treatment with 70 M NMDA for 5 min (or left untreated), and then placed immediately on ice and homogenized in buffer containing 50 mM HEPES, pH 7.4, 2 mM EDTA, 0.5% Triton X-100, and 0.1 mM PMSF, with a mixture of protease inhibitors, tyrosine phosphatase inhibitors, and serine/threonine phosphatase inhibitors (Calbiochem). Homogenates were agitated for 20 min, then spun at 20,000 ϫ g for 20 min. Pellet fractions were solubilized in the same buffer with 1% SDS and boiled for 5 min. Homogenate, supernatant, and pellet fractions were quantified by Pierce BCA Protein Assay (Thermo Scientific) before loading on SDS-PAGE gels (10 g of protein per well).
Results

Chemical LTD regulates PYK2 phosphorylation at Y402
We first examined whether NMDAR activation regulates PYK2 activity using Y402 phosphorylation as a marker. In cultured hippocampal neurons (DIV 21-26), bath application of NMDA (70 M for 2.5 or 5 min) results in endocytosis of AMPARs, which is associated with dephosphorylation of GluA1 (GluR1) at Ser-845 (Lee et al., 1998) (Fig. 1 A) . This chem-LTD protocol also induced a rapid and transient increase in PYK2 Y402 phosphorylation, peaking at ϳ1.5-to 2-fold above basal levels within 5 min of NMDAR stimulation (Fig. 1 B) . At this time point, chem-LTD treatment additionally caused a redistribution of total PYK2 protein from Triton-soluble to Tritoninsoluble fractions of cultured neurons (supplemental Fig.  S1 A, B, available at www.jneurosci.org as supplemental material), although we did not discern any change in PYK2 localization, as assayed by immunostaining (data not shown). PYK2 phosphorylated on Y402 was not specifically enriched in the insoluble fraction after chem-LTD (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material), implying that Y402 phosphorylation and subcellular redistribution are not directly linked. Together, our data indicate that NMDAR activation results in enhanced activity and altered biochemical distribution of PYK2 in hippocampal neurons.
PYK2 knockdown blocks LTD
Because PYK2 is activated during chem-LTD, we asked whether PYK2 activity is required for LTD. We designed a shRNA expression construct targeting rat PYK2 (PYK2 shRNA). Expressed via a lentiviral vector, PYK2 shRNA strongly reduced the level of endogenous PYK2 protein in hippocampal cultures compared with a control shRNA against firefly luciferase (supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). Expression of PSD-95 and other synaptic components was unaffected by either shRNA (supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material), and a "rescue" experiment with an shRNA-resistant PYK2 confirmed on-target specificity of PYK2 shRNA (see below).
PYK2 shRNA was introduced by biolistic transfection into CA1 pyramidal neurons of hippocampal slice cultures, a useful preparation for acute manipulation of protein levels and in-slice comparison with untransfected neighboring neurons (Stein et al., 2003; Seeburg and Sheng, 2008; Xu et al., 2008) . LTD, induced by a pairing protocol (see Materials and Methods), was strongly suppressed in neurons transfected with PYK2 shRNA, compared with nearby untransfected cells in the same slice (average normalized EPSC during the last 10 min of recording: PYK2 shRNA 0.91 Ϯ 0.13 of baseline, untransfected control 0.60 Ϯ 0.052, p ϭ 0.031) ( Fig. 2A) . As a further control, neurons transfected with luciferase shRNA showed LTD indistinguishable from untransfected neighboring cells (luciferase shRNA, 0.71 Ϯ 0.079; untransfected control, 0.65 Ϯ 0.053; p ϭ 0.56) (Fig. 2 B) . Notably, neither PYK2 shRNA nor control luciferase shRNA had a significant effect on LTP [average normalized EPSC during the last 10 min of recording: PYK2 shRNA, 2.08 Ϯ 0.17; untransfected control, 1.86 Ϯ 0.25; p ϭ 0.48) (Fig. 2C) ; luciferase shRNA, 1.66 Ϯ 0.32; untransfected control, 1.81 Ϯ 0.18; p ϭ 0.64) (Fig. 2 D) ]. Thus PYK2 is specifically necessary for LTD signaling.
We also examined baseline synaptic transmission and found that neither PYK2 nor luciferase shRNA transfection affected basal AMPAR EPSCs (average transfected/ untransfected EPSC amplitude ratio Ϯ SEM: PYK2 shRNA, 1.00 Ϯ 0.18, p ϭ 0.55 vs untransfected control; luciferase shRNA, 1.11 Ϯ 0.15, p ϭ 0.50 vs untransfected control) (Fig. 2 E) . Basal NMDAR EPSCs were slightly reduced by PYK2 shRNA, but this effect was small and indistinguishable from that of control luciferase shRNA (PYK2 shRNA, 0.80 Ϯ 0.065, p ϭ 0.024 vs untransfected control; luciferase shRNA, 0.82 Ϯ 0.085, p ϭ 0.015 vs untransfected control) (Fig. 2 F) . These results suggest that although PYK2 is required for LTD, it is not critical for the maintenance of basal synaptic function.
Y402F-PYK2 blocks LTD
Overexpression of mutant PYK2 with a phospho-null Y402F substitution has commonly been used to inhibit PYK2 function in a dominant-negative manner (Lakkakorpi et al., 2003; Park et al., 2004) . In CA1 neurons transfected with Y402F-PYK2, LTD was also completely blocked (Y402F-PYK2, 0.96 Ϯ 0.11; untransfected control, 0.65 Ϯ 0.055; p ϭ 0.0057) (Fig. 3A) . This result corroborates our earlier loss-of-function result with PYK2 shRNA (Fig. 2 A) , showing a necessary role for PYK2 in LTD. Over- expression of WT-PYK2, on the other hand, had no effect on LTD (WT-PYK2, 0.59 Ϯ 0.042; untransfected control, 0.54 Ϯ 0.032; p ϭ 0.43) (Fig. 3B) .
In terms of baseline synaptic transmission, neurons overexpressing WT-PYK2 displayed an ϳ30% reduction in AMPAR EPSCs (WT-PYK2, 0.69 Ϯ 0.11, p ϭ 0.049 vs untransfected control) (Fig. 3C ), but normal NMDAR EPSCs (WT-PYK2, 1.09 Ϯ 0.25, p ϭ 0.52 vs untransfected control) (Fig. 3D) . Overexpression of Y402F-PYK2, on the other hand, failed to cause synaptic depression. In fact, baseline AMPAR EPSCs were slightly increased by overexpression of Y402F-PYK2, supporting a possible dominant-negative effect, although this trend did not reach statistical significance (Y402F-PYK2, 1.35 Ϯ 0.30; p ϭ 0.45 vs untransfected control). These results suggest that under basal conditions, PYK2 overexpression is sufficient to decrease synaptic function in a manner dependent on Y402. This depression did not occlude LTD, however (Fig.  3B) , suggesting that additional molecular mechanisms are at work during LTD (see Discussion).
Like WT-PYK2 overexpression, Y402F-PYK2 overexpression did not affect NMDAR EPSCs, implying that PYK2 is not required for NMDAR function (Y402F-PYK2, 1.10 Ϯ 0.14; p ϭ 0.83 vs untransfected control) (Fig. 3D) . Unfortunately, there is no available constitutively active PYK2 mutant that can be tested, as the putative phosphomimic Y402 PYK2 mutant has been found to inhibit PYK2 function like the phospho-null mutant (Li et al., 1999) . Together, our results suggest that PYK2 overexpression selectively affects AMPAR, but not NMDAR, transmission.
Changes in synaptic structure often correlate with changes in synaptic function [for review, see Tada and Sheng (2006) and Alvarez and Sabatini (2007) ]; however, none of the above modifications we introduced (PYK2 knockdown, WT-PYK2 overexpression, or Y402F-PYK2 overexpression) significantly affected dendritic spine morphology or dendritic branching in mature cultured neurons (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Thus PYK2 does not play a major role in determining basal-state neuronal morphology.
PYK2 kinase activity contributes to LTD
Is the kinase activity of PYK2 required for LTD? Alanine substitution at K457 in PYK2 abolishes kinase activity (Li et al., 1999; Lakkakorpi et al., 2003; Park et al., 2004) . If PYK2 kinase activity was important, we would expect overexpression of K457A-PYK2 in neurons to have effects similar to overexpression of Y402F-PYK2. When we examined basal synaptic transmission, however, we found that K457A-PYK2 overexpression significantly depressed baseline AMPAR EPSCs, to the same extent seen with WT-PYK2 overexpression (K457A-PYK2, 0.75 Ϯ 0.11; p ϭ 0.036 vs untransfected control) (Fig. 4 A) . Because kinase-dead PYK2 proteins could still be transautophosphorylated by endogenous wild-type PYK2 [as occurs in osteoclasts (Lakkakorpi et al., 2003) ], we turned to a "molecular replacement" approach in which endogenous PYK2 is suppressed by PYK2 shRNA, while kinase-dead PYK2 is overexpressed by cotransfection of shRNA-resistant K457A-PYK2. We altered nine nucleotides in the shRNA target region of K457A-PYK2 and WT-PYK2 to render these constructs resistant to suppression by PYK2 shRNA without changing the amino acid sequence (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Transfection of shRNA-resistant WT- PYK2 (WT-PYK2*) together with PYK2 shRNA resulted in significantly decreased baseline AMPAR EPSCs (WT-PYK2* ϩ shRNA, 0.76 Ϯ 0.14; p ϭ 0.036 vs untransfected control) (Fig. 4 B) , which is, as expected, similar to overexpression of WT-PYK2 in the absence of PYK2 shRNA. Overexpression of shRNA-resistant kinase-dead K457A-PYK2 (K457A-PYK2*) in conjunction with PYK2 shRNA also reduced basal AMPAR EPSC amplitude (K457A-PYK2* ϩ shRNA 0.73 Ϯ 0.15; p ϭ 0.026 vs untransfected control) (Fig. 4 B) , similar to overexpression of the K457A-PYK2 mutant alone. Thus overexpression of PYK2 reduces basal synaptic strength, independent of its kinase activity. These data are consistent with a scaffold function of PYK2 that inhibits synaptic strength.
Although unimportant for the regulation of basal synaptic strength, could PYK2 kinase activity play a role in LTD? We tested LTD in CA1 neurons that had undergone "molecular replacement" with WT or kinase-dead PYK2. WT-PYK2* fully rescued the LTD defect caused by PYK2 shRNA expression (WT-PYK2* ϩ shRNA, 0.61 Ϯ 0.054; untransfected control, 0.60 Ϯ 0.043; p ϭ 0.91) (Fig. 4C) , a result that also confirms the on-target specificity of the shRNA effect. K457A-PYK2*, however, only partially rescued LTD in neurons cotransfected with PYK2 shRNA (K457A-PYK2* ϩ shRNA, 0.73 Ϯ 0.079; untransfected control, 0.50 Ϯ 0.041; p ϭ 0.031) (Fig. 4 D) . These data imply that PYK2 kinase activity is involved in the function of PYK2 in LTD; however, kinase-independent functions also seem to contribute.
PYK2 is required for inhibition of ERK phosphorylation in chem-LTD
PYK2 is a large scaffold protein (ϳ116 kDa) as well as a kinase, and it is likely that PYK2 recruits and modulates multiple signaling proteins at the synapse. To gain an understanding of how PYK2 influences postsynaptic signaling during NMDAR activation, we screened the activation profile of several signaling proteins after chem-LTD stimulation in cultured neurons where PYK2 expression had been suppressed by PYK2 shRNA lentivirus. Compared with luciferase shRNA control, PYK2 knockdown significantly enhanced the phosphorylation of ERK T202/Y204 at 5 min after chem-LTD, which corresponds to the peak of PYK2 phosphorylation at Y402 (Fig. 5A) . There was also a slight, but not significant, enhancement of basal ERK phosphorylation with PYK2 knockdown. We did not find significant alteration in the phosphorylation-activation time courses of Src (Y416), GSK3␤ (S9), Akt (T308), or JNK (T183/Y185) (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). These data suggest that PYK2 is required for dampening ERK activation in response to NMDAR stimulation.
LTD is associated with dephosphorylation of GluA1 S845, and elevated Ras-ERK signaling correlates with GluA1 S845 phosphorylation in hippocampal slice cultures . Control neurons virally infected with luciferase shRNA showed rapid increasing dephosphorylation of GluA1 S845, reaching significance at 5 min after NMDAR stimulation (Fig. 5B) . In contrast, neurons infected with PYK2 shRNA showed no significant loss of S845 phosphorylation until 15 min (Fig. 5B) . The delay in S845 GluA1 dephosphorylation by PYK2 knockdown was similar to the effect of calcineurin inhibitors (FK506 and cyclosporine A), which are known to block LTD (Fig. 5C,D) . Thus PYK2's effect on GluA1 dephosphorylation is consistent with its effects on LTD. Figure 3C is repeated here for comparison. EPSC amplitude is shown in picoamperes. K457A PYK2 paired recordings: n ϭ 13 pairs; p ϭ 0.036 versus untransfected control, paired Student's t test. Calibration: 20 pA/100 ms. B, Both WT-PYK2* and K457A-PYK2*, in the presence of PYK2 shRNA, depress baseline AMPAR transmission. EPSC amplitude is shown in picoamperes. PYK2 shRNA and shRNA-resistant PYK2 constructs were mixed 1:1 for transfections. WT-PYK2* ϩ shRNA paired recordings: n ϭ 13 pairs; p ϭ 0.036 versus untransfected control, paired Student's t test. K457A-PYK2* ϩ shRNA paired recordings: n ϭ 12 pairs; p ϭ 0.026 versus untransfected control, paired Student's t test. Calibration: 20 pA/100 ms. C, D, WT-PYK2* fully restores LTD (C), whereas K457A-PYK2* only partially rescues LTD (D), in the presence of PYK2 shRNA. WT-PYK2* ϩ shRNA: n ϭ 10 pairs; p ϭ 0.91, paired Student's t test. K457A-PYK2* ϩ shRNA: n ϭ 11 pairs; p ϭ 0.031, paired Student's t test. Calibration: 50 pA/25 ms.
Does overexpression of WT-PYK2 decrease activity-dependent ERK activation? We immunostained for phospho-ERK in neurons transfected with plasmids expressing WT-PYK2 or Y402F-PYK2 and measured fluorescence intensities in cells at 2.5 and 5 min into chem-LTD treatment, as described previously . Consistent with the PYK2 knockdown experiments above, overexpression of Y402F-PYK2 enhanced NMDA-induced ERK phosphorylation, relative to control neurons transfected with an empty vector (Fig. 6 ). This enhancement was significant in unstimulated neurons and at 2.5 min after chem-LTD treatment (Fig. 6) . Overexpression of WT-PYK2, on the other hand, significantly suppressed NMDA-induced ERK phosphorylation at 5 min into chem-LTD treatment (Fig. 6) . Thus overexpression of PYK2 is sufficient to dampen NMDA-induced ERK activation, just as PYK2 knockdown enhances it.
Overexpression of PYK2 blocks LTP
Because it further inhibited NMDA-dependent ERK activation, we hypothesized that WT-PYK2 overexpression would inhibit LTP or even enhance LTD. Although there was no effect of WT-PYK2 overexpression on LTD (Fig. 3B) , we did observe that WT-PYK2 significantly reduced LTP relative to untransfected controls (WT-PYK2, 1.53 Ϯ 0.10; untransfected control, 2.56 Ϯ 0.29; p ϭ 0.011) (Fig. 7A) . In contrast, overexpression of Y402F-PYK2 did not affect LTP (Y402F-PYK2, 2.13 Ϯ 0.28; untransfected control, 1.93 Ϯ 0.19; p ϭ 0.64) (Fig. 7B) . Thus PYK2 overexpression inhibits LTP, in a manner dependent on Y402 and consistent with the effects on ERK phosphorylation.
Discussion
We report here that PYK2 plays a critical role in LTD. PYK2 is phosphorylated at Y402 by chem-LTD activation of NMDARs, and shRNA and dominant-negative experiments show that it is required for LTD in hippocampal slice cultures. We find that nonkinase (presumably scaffold) and, to a lesser extent, kinase functions of PYK2 contribute to LTD. We propose the following model: After NMDAR stimulation, the rise in postsynaptic calcium activates PYK2, resulting in phosphorylation at Y402. Y402 is autophosphorylated primarily by the PYK2 kinase domain, as proposed previously (Lev et al., 1995; Park et al., 2004; Kohno et al., 2008; Bartos et al., 2010) , but other tyrosine kinases could also contribute to Y402 phosphorylation (Lakkakorpi et al., 2003) . We consider it unlikely that Src mediates activitydependent Y402 phosphorylation, however, because we find that Src phosphorylation is not activated by chem-LTD (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Phospho-Y402 PYK2 then recruits additional signaling proteins to mediate downstream effects essential for LTD, one of which could be the dampening of postsynaptic activation of ERK. Overexpression of PYK2 is sufficient to depress basal synaptic strength, and like PYK2's role in LTD, this effect requires Y402 (Fig. 3 ). There are a few mechanistic distinctions, however, between the basal and activity-dependent roles of PYK2. PYK2 kinase activity is required in part for LTD, but not at all for depression of basal synaptic strength (Fig. 4) . Moreover, PYK2 overexpression suppresses ERK phosphorylation after NMDAR stimulation, but not in the basal state (Fig. 6 ). These mechanistic differences could explain how WT-PYK2 overexpression or WT-PYK2* "molecular replacement," both of which depress basal synaptic strength, failed to occlude LTD (Figs. 3, 4) . NMDARdependent recruitment of PYK2 through Y402-independent mechanisms (supplemental Fig. S1 , available at www.jneurosci. org as supplemental material) could additionally gate PYK2's role in LTD, much like how NMDAR stimulation gates phosphatase action in LTD (Morishita et al., 2001) .
Two properties of PYK2 make it an attractive component of LTD signaling. First, PYK2 is activated by a rise in intracellular calcium. One possible mechanism is that calcium-calmodulin complexes bind PYK2 directly and induce dimerization and transphosphorylation at Y402 (Kohno et al., 2008) . It has also been proposed that calcium-calmodulin binding to PSD-95 induces PYK2 association and clustering, which favors Y402 transphosphorylation in the protein complex (Bartos et al., 2010) . In agreement with our findings, that study also reported that chemical activation of NMDARs leads to PYK2 Y402 phosphorylation and redistribution in cultured hippocampal neurons (Bartos et al., 2010) . Another possibility is that PYK2 Y402 phosphorylation-activation occurs via the calcium-dependent serine/threonine phosphatase calcineurin (Faure et al., 2007) . In PC12 cells, calcineurin enhances PYK2 activity and Y402 phosphorylation through serine/ threonine dephosphorylation of multiple PYK2 residues (Faure et al., 2007) . The link between calcineurin and PYK2 is intriguing, because calcineurin is well established to be required for LTD (Mulkey et al., 1993 (Mulkey et al., , 1994 . Forebrain-specific knock-out of calcineurin function abolishes LTD and causes schizophrenia-like behavioral deficits in working memory, prepulse inhibition, and social interaction (Zeng et al., 2001; Miyakawa et al., 2003) . The behavioral effects of loss of function of PYK2 remain to be determined. Second, PYK2 is known to bind PSD-95 (Seabold et al., 2003) , which is required for LTD (Migaud et al., 1998) . Furthermore, a study has shown that mutation of the SH3-GK domain in PSD-95 blocks LTD in hippocampal neurons (Xu et al., 2008) ; the SH3-GK region is where PYK2 appears to bind PSD-95 (Seabold et al., 2003) . It is possible that the PYK2 association with PSD-95 plays a role in LTD, and alteration of PYK2 signaling may be one explanation for the LTD defect observed in the presence of PSD-95 SH3-GK mutants. This is consistent with a recent study proposing that PYK2 binding to PSD-95 is required for PYK2 activation and phosphorylation at Y402 (Bartos et al., 2010) .
There is much evidence linking ERK signaling to synaptic plasticity and learning and memory (for review, see Thomas and Huganir, 2004) . ERK pathway inhibitors reduce spatial learning and fear conditioning (Atkins et al., 1998; Blum et al., 1999; Selcher et al., 1999) . These inhibitors also block LTP in acute hippocampal slices (English and Sweatt, 1997) and in vivo hippocampal LTD (Thiels et al., 2002) , leading to the view that differences in the magnitude or duration of ERK activation between LTP and LTD could be important, with more modest elevations in ERK activity favoring LTD (Thiels et al., 2002; Coba et al., 2008) . In fact, different ERK activation time courses are known to couple to distinct processes in other cell types: modest, transient ERK activity induces proliferation in PC12 cells, whereas prolonged ERK activity induces differentiation (Marshall, 1995) . Our data support the idea that alteration of ERK signaling dynamics could affect the recruitment of LTP versus LTD pathways, with PYK2 playing a role in determining that balance. In fact, we found that an intermediate level of stimulation (2 Hz, 200 pulses, at 0 mV holding potential) induced LTP in neurons expressing PYK2 shRNA but not in control neurons transfected with luciferase shRNA (H.H. and M.S., unpublished observations), consistent with the idea that the loss of PYK2 favors LTP induction. Further studies, however, are needed to confirm this conclusion.
What mechanisms might mediate PYK2's effect on ERK signaling in synapses? In some non-neuronal cell types, PYK2 has been linked to enhancement of ERK activity through the recruitment of Grb2 (adaptor) and Sos [guanine nucleotide exchange factor (GEF) for Ras] proteins (Lev et al., 1995; Dikic et al., 1996) . In NIH3T3 cells, however, PYK2 has been reported to inhibit ERK activity (Zhao et al., 2000) . In neurons, ERK signaling is regulated by Ras GEFs and GTPase-activating proteins, several of which are represented in the PSD (Thomas and Huganir, 2004; Sheng and Hoogenraad, 2007 ). PYK2's presence in the PSD, and in particular the NMDAR complex (Seabold et al., 2003) , could enable interactions with GTPase regulators in the PSD, thus providing another coupling mechanism between calcium influx and MAPK activity.
Although chem-LTD and electrophysiological LTD share overlapping molecular mechanisms (Lee et al., 1998) , they are quite different experimental paradigms. Thus an important caveat is that the results we obtained with chem-LTD in dissociated neurons cultures (bath NMDAR stimulation) may not fully explain the role of PYK2 in electrophysiological LTD in hippocampal slices.
Our conclusion that PYK2 is important for LTD is in apparent contradiction to Huang et al. (2001) , who reported that micropipette infusion of recombinant PYK2 into CA1 cells induced Srcdependent NMDAR potentiation and occluded LTP. It is interesting to note that this blockade of LTP by PYK2 infusion is consistent with our finding that WT-PYK2 overexpression inhibits LTP (Fig. 7) . One explanation for why we did not see an increase in NMDAR strength with WT-PYK2 overexpression is that the differential posttranslational modification, assembly, and trafficking of injected recombinant protein versus transfected cDNA of PYK2 could lead to different results in neurons. Injection of recombinant PYK2 could lead to abnormal PYK2 function at extrasynaptic sites, for example. It is also possible that acute versus chronic time courses of PYK2 manipulation have different effects. Last, our measurements of NMDAR EPSCs at positive holding potentials, a practice commonly used in this preparation, may not completely reflect the full breadth of changes in NMDAR function.
We consider PYK2 to be a necessary component of the collective signaling network that underlies LTD induction. As a large scaffold protein, PYK2 could interact with multiple factors at the synapse. For example, PYK2 has been linked to the small GTPases RhoA and Rap2 (McLeod et al., 2004; Lim et al., 2008) , which cause loss of spines, the dendritic protrusions containing synaptic sites (Nakayama et al., 2000; Ryu et al., 2008) . LTD is associated with spine shrinkage in hippocampal neurons (Okamoto et al., 2004; Zhou et al., 2004 ). Although we did not find a significant difference in steady-state spine morphology with PYK2 shRNA or WT-PYK2 expression in dissociated neurons (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), it would be interesting to see whether PYK2 plays a role in activity-dependent spine shrinkage or elimination.
PYK2 activation has been reported in pathological conditions of neurotoxicity, cerebral ischemia, and seizures (Cheung et al., 2000; Tian et al., 2000; Wright et al., 2007) , raising the possibility that PYK2 could contribute to synapse failure during stroke or neurotoxic conditions via LTD-like mechanisms. Further studies on the signaling proteins involved in LTD may guide future therapeutic approaches for diseases of synapse loss or neurodegeneration.
